Abstract: This paper studies the dynamic characteristics of an isolated three-phase self-excited synchronous reluctance generator (SESRG) driven by a variable-speed wind turbine under different operating conditions. Self-excitation is achieved via capacitors connected across the generator terminals. A detailed mathematical modeling of the proposed self-excited wind generation system is presented. The proposed analysis is based on the dynamic qd-axis model of the SESRG. Magnetic saturation is taken into account and is assumed to be confined to the direct axis and is accounted for as a variable direct-axis magnetizing reactance. Effect of wind-speed variation, excitation-capacitance variation, and loading-conditions variation on the generated output voltage and frequency are presented and discussed. The presented results show the effectiveness of the proposed wind-generation system. A close agreement between experimental and simulated results has been observed, which supports the validity of the proposed analysis.
Introduction
Over the last 20 years, renewable energy sources have been attracting great attention due to increasing prices and reduction of conventional energy sources. In addition, the air pollution of fossil fuel affects both the environment and human health [1] . Solar energy, wind energy, geothermal heat, hydroelectricity, biofuels, biomass, and nuclear energy represent the most important types of renewable energy sources to date. Wind energy is one of the fastest growing renewable energy sources compared to other sources of renewable energy. Thousands of wind turbines are being invested and installed everywhere worldwide [2] . Therefore, the need for alternative and renewable energy sources for utility and autonomous applications, especially in remote areas, has focused attention on the use of electric generators driven by wind turbines.
In particular, brushless self-excited generators such as squirrel-cage induction generators and synchronous reluctance generators are found to be of great potential as very attractive supply options for industrial and domestic applications. Preference is given to such generator types because of their simpler construction, robustness, absence of current collection brushes, low cost, and maintenance-free operation [3] [4] [5] . Hence, such generators represent ideal candidates as wind-generating conversion systems, especially for low-and mediumpower applications [6] [7] [8] . Moreover, they have the ability to convert mechanical power to electrical power over a wide range of wind speeds.
Self-excitation of such generators is achieved via capacitors connected to the machine terminals. Such self-excitation overcomes the need for an external power supply to produce the excitation magnetic field. In addition to being simple, robust, and inexpensive as induction generators, self-excited synchronous reluctance generators (SESRGs) have low core loss, low noise, and low rotor copper loss and they reveal a well-defined relationship between rotor speed and output frequency [9] . Furthermore, SESRGs have no cogging torque. Hence, wind-generation systems with such generators can achieve a smooth starting behavior at low wind velocity [6] . This motivated the researchers to analyze the performance characteristics of a SESRG especially when driven by a wind turbine.
Some studies discussed the performance characteristics and steady-state analysis of synchronous reluctance generators [10] [11] [12] . In addition, a little work has been presented on the transient analysis of this generator type [13] [14] [15] . On the other hand, the performance analysis of SESRGs when driven by a wind turbine has not gained significant attention from researchers to date [6, 16] . In fact, performance characteristics of SESRGs in wind generating should be studied under different operating conditions. Therefore, this paper concentrates on the dynamic analysis of a wind-driven SESRG under different operating conditions. It also describes how the operating frequency and generated voltage are affected by any variation in load condition, machine parameters, excitation capacitor rating, and rotor speed. Experimental results are compared with simulation results in order to support the validity of the proposed study. • Wind turbine
Proposed self-excited wind generating system
• Synchronous reluctance generator
• Balanced three-phase excitation capacitors
• Balanced three-phase load
The excitation capacitors are used to ensure the self-excitation process. First, at a suitable value of the prime mover speed and aided with the machine residual magnetism, a small stator voltage will be induced. This induced voltage causes an excitation current to flow through the excitation capacitors. This results in an additional increase in the stator induced voltage. The increase in both excitation current and induced stator voltage continues until steady-state condition occurs due to inherent machine magnetic saturation [10, 17] .
The machine magnetizing characteristics consider the main factor for voltage build-up behavior and stabilization of generated voltage of the self-excited generators. At certain loading conditions and prime-mover speed with an appropriate value of excitation-capacitance, the voltage continues to build up until it reaches a steady state [7, 18] . On the other hand, it is well known that in the case of reluctance generators the frequency of generated voltage depends only upon the mechanical speed and is thus easier to control [14] . In the following sections the overall system modeling is presented, including both the wind-turbine model and the synchronous reluctance generator model. Hence, the effect of different operating conditions on the system performance characteristics is investigated both theoretically and experimentally.
System modeling

Wind-turbine model
It is well known that the energy contained by the wind is in the form of kinetic energy. This energy converts into mechanical energy aided by the wind turbine. The wind-turbine model is normally described by a set of characteristic equations, from which the performance characteristics of the wind turbine can be easily obtained. These equations can be summarized as follows.
The overall wind power is proportional to cubic wind speed and the rotor-swept area [2, 19] . This power can be written as:
A fraction of the overall wind power is converted into mechanical power. The mechanical power captured by the wind turbine can be expressed as:
The rotor-power coefficient C p is a very important design factor that gives the fraction of the kinetic energy (overall wind power) that is converted into mechanical energy.
The characteristic of the rotor-power coefficient depends mainly on the turbine tip-speed ratio, λ, and the blade pitch-angle, β . The rotor-power coefficient can be expressed as a function of tip-speed ratio and blade pitch-angle ( λ , β) using the following empirical formulas [20] .
Where, values of the constants are [20] : c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21, c6 = 0.0068.
The tip-speed ratio is defined as the ratio of the turbine-blade linear speed and the actual wind speed. The tip-speed ratio is given by [19] : Figure 2 shows the relationship between the rotor-power coefficient and the tip-speed ratio at a blade pitch-angle of 7
• . It can be observed that, at a certain value of blade pitch-angle, there is only one value of the tip-speed ratio at which the power coefficient is maximum [2] . The mechanical output power can be rewritten in terms of wind-turbine characteristics as:
Finally, the output torque of the wind-turbine, which considers the input torque of the SESRG, can be calculated as:
Synchronous reluctance generator model
A simplified mathematical model of the SESRG is introduced on the basis of Park's qd-axis model. The saturation effect on the direct axis magnetizing inductance is always considered as it is a requisite to provide a stable operating condition.
In order to simplify the analysis of the self-excited reluctance generator, the following assumptions are taken into consideration [9, 11, 12] :
• The saturation effect on the machine parameters other than the d-axis magnetizing inductance reactance is ignored.
• The core losses are neglected.
In addition, the proposed SESRG model has been developed considering the existence of a squirrel cage associated with the synchronous reluctance rotor. Therefore, the rotor is represented as two damper-windings in both the direct axis and quadrature axis directions. The stator and rotor voltage equations are represented in the qd-axis rotor reference frame in order to eliminate the time-varying inductances [14, 21] . The final qd-axis model of the proposed SESRG can be written as follows.
The qd-axis voltage equations can be written as shown below.
The stator and rotor winding flux linkages can be expressed in terms of machine currents and inductances as follows.
If the generator is loaded with a pure resistive load, the resultant qd-axis load current equations can be written as follows. [13] i lq =v qs /R l (16)
In addition, the qd-axis excitation capacitance currents are given by the following.
On the other hand, the qd-axis transient equivalent voltages can be expressed as shown below.
The electromagnetic torque can be expressed, in terms of qd-axis stator flux linkages and currents, as follows.
The mechanical equations can be written as given below.
Finally, the machine power angle, δ , is given by the following. Figure 3 shows the experimental setup of a three-phase synchronous reluctance generator rated at 0.5 kW, 380 V, 50 Hz, and 4-pole. The experimental rotor, shown in Figure 4 , is a salient-pole reluctance rotor made of laminated steel. The laminated rotor is obtained by modifying a squirrel-cage induction machine rotor by notching the slotted lamination or symmetrically removing some rotor teeth as shown in Figure 4 . It is well known that the existence of the rotor cage improves both the starting and transient behavior. In other words, the rotor cage improves the stability characteristics of the generator due to its damping during any disturbance or oscillations in the wind speed [9] . The prime mover is a shunt DC-motor rated at 1.1 kW. A suitable balanced 3-phase ∆-connected variable capacitor bank is connected to the generator terminals. In addition, a balanced three-phase variable resistive load is used. The parameters of the machine were measured using standard techniques and are listed in Table 1 . A dSPACE (DS1103) digital signal processor card was used for data acquisition purposes. Moreover, a voltage transducer (LV 25-P) as well as a DC tachogenerator were used to measure and detect both the generated voltage and the generator speed and hence were fed to the DSP through the signal conditioning circuit. 
Experimental setup
Simulation and experimental results
In order to confirm the validity of the proposed analysis for the self-excited wind-generating system, a series of experimental tests were performed on the three-phase synchronous reluctance generator.
The magnetization characteristics of the employed synchronous reluctance generator, which represent the relation between the d-axis magnetizing inductance and the corresponding magnetizing current, are shown in Figure 5 . Simulation results were obtained by solving the aforementioned models using MATLAB/Simulink software. The presented simulation results were obtained using the same parameters of the employed synchronous reluctance generator. However, the prime mover is a wind turbine. The parameters for the used wind turbine are listed in Table 2 . In addition, in the simulation process, a third-order curve fitting is used to represent the magnetization characteristics as shown in Figure 5 . The resulting cubic equation that relates the machine d-axis magnetizing inductance as a function of the d-axis stator current (magnetizing current) can be written as: 
In the following subsections, the effect of wind-speed variation, excitation-capacitors variation, and loadingconditions variation on the generated output voltage and frequency are presented and discussed. Figure 6 shows the simulated results for the effect of wind-speed variation on the no-load generated voltage and frequency of the SESRG at a constant excitation capacitance of 41.1 µF. The wind speed varies from 9 m/s to 7 m/s through three different levels as shown in the figure. It can be observed that the generated voltage and frequency are sensitive to wind-speed variations. The reduction in wind-speed level results in decreasing both the generated voltage and frequency of the SESRG. Moreover, it can be noted that the frequency of the generated voltage is directly related to the prime-mover speed. This is due to the synchronization behavior of the employed machine. In addition, Figure 6 shows that, at a given excitation capacitance there is a critical minimum value of wind speed below which the generated voltage reaches zero. This critical value of the wind speed depends mainly upon the loading and excitation conditions. Therefore, the system can be operated in a wide range of wind speed if the excitation capacitance is changed with appropriate values according to the wind-speed variation.
Effect of wind-speed variation
Under the same excitation conditions, the measured generated phase-voltage of the SESRG at different values of prime-mover speed (DC-shunt motor) is shown in Figure 7 . In the experimental process, a balanced three-phase, ∆ -connected capacitor bank, each with 13.7 µ F, is connected at the stator terminals of the synchronous reluctance generator. In addition, the speed of the DCshunt motor is controlled to give the same behavior of the resultant system speed obtained in the simulation process. A close correlation between both the simulated results and the corresponding measured results can be easily observed.
Effect of excitation-capacitance variation
At constant loading conditions and an appropriate value of wind speed, it is found that the generated voltage is very sensitive to any variation in the excitation-capacitance values. Figure 8 shows the simulated results for the effect of excitation-capacitance variation on the no-load generated voltage and frequency of the SESRG at a constant wind speed of 10 m/s. The presented results are obtained using three different values of excitation capacitance, 35 µ F, 24.66 µ F, and 20 µ F, as shown in the figure. The obtained results ensure the sensitivity of the generated phase voltage to the excitation-capacitance variations. Figure 8 shows that reducing the value of the excitation capacitance results in decreasing the generated output voltage. Moreover, it is clear that there is a critical minimum value of the excitation capacitance below which the machine fails to generate voltage, as shown in Figure 8 . In addition, it is found that the time taken by the SESRG during the build-up process is inversely proportional to the excitation-capacitance level.
The measured no-load phase-voltage of the SESRG at an excitation capacitance of 24.66 µ F (balanced three-phase, ∆-connected capacitor bank, each with 8.22 µ F) and constant prime-mover speed is shown in Figure 9 .
Effect of loading-conditions variation
The effect of varying loading conditions on the generated voltage and frequency at constant wind speed and an appropriate value of excitation capacitance is shown in Figure 10 . In the simulation process, the load resistance varies from no-load (simulated as a very high resistance) to 400 Ω at 1.5 s and to 150 Ω at 2.5 s. However, the excitation capacitance and wind speed are kept constant at 24.66 µF and 11 m/s, respectively.
It can be noted that when the load of the SESRG is increased (i.e. load resistance is decreased), the generator speed is decreased. This results in a great reduction in both the generated phase-voltage and frequency. In addition, there is a critical value of the load resistance below which the machine voltage collapses.
Under the same previous loading conditions, the variation of the measured generated phase-voltage due to the variation of the load resistance at a constant excitation-capacitance of 24.66 µ F, without controlling the prime-mover speed, is shown in Figure 11 . The discrepancy between the simulated and measured results, shown in Figures 10 and 11 , is due to the different characteristics of the simulated wind turbine and the experimental DC-shunt motor when the generator is loaded. Figure 11 . Variation of the measured generated phase-voltage due to variation of the load resistance at a constant excitation capacitance of 24.66 µ F.
Conclusions and future works
This paper has presented a detailed analysis valid to predict the dynamic behavior of an isolated SESRG driven by a wind turbine. The build-up and self-excitation processes have been studied under different conditions. This paper has discussed the effect of wind-speed variation, excitation-capacitance variation, and loading-conditions variation on generated voltage and frequency. It has been observed that the frequency of the generated voltage is directly related to the prime-mover speed due to synchronization behavior of the employed generator. In addition, the presented results show that there is a critical minimum value of excitation capacitance below which the machine fails to generate voltage. It was found that the wind speed as well as the loading conditions directly affect the critical value of the excitation capacitance.
A close correlation between the experimental and simulated results was found, which verifies the validity of the proposed analysis. The paper conclusively proves that the proposed self-excited wind generating system may be a promising alternative to conventional synchronous generators. The proposed system may be used to feed loads that are insensitive to voltage or frequency deviations, such as heaters, water pumps, lighting, battery charging, etc.
Moreover, the obtained performance characteristics represent the basic tools required to develop a complete control system to regulate the generated voltage and frequency over a wide range of wind-speed variations. 
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